RsmC and FlhDC are global regulators controlling extracellular proteins/enzymes, rsmB RNA, motility, and virulence of Erwinia carotovora subsp. carotovora. FlhDC, the master regulator of flagellar genes, controls these traits by positively regulating gacA, fliA, and rsmC and negatively regulating hexA. RsmC, on the other hand, is a negative regulator of extracellular proteins/enzymes, motility, and virulence since the deficiency of RsmC in FlhDC ؉ strain results in overproduction of extracellular proteins/enzymes, hypermotility, and hypervirulence. These phenotypes are abolished in an RsmC ؊ FlhDC ؊ double mutant. We show that RsmC interferes with FlhDC action. Indeed, the expression of all three targets (i.e., gacA, rsmC, and fliA) positively regulated in E. carotovora subsp. carotovora by FlhDC is inhibited by RsmC. RsmC also partly relieves the inhibition of hexA expression by FlhDC. The results of yeast two-hybrid analysis revealed that RsmC binds FlhD and FlhDC, but not FlhC. We propose that binding of RsmC with FlhD/FlhDC interferes with its regulatory functions and that RsmC acts as an anti-FlhD 4 FlhC 2 factor. We document here for the first time that RsmC interferes with activation of fliA and motility in several members of the Enterobacteriaceae family. The extent of E. carotovora subsp. carotovora RsmC-mediated inhibition of FlhDC-dependent expression of fliA and motility varies depending upon enterobacterial species. The data presented here support the idea that differences in structural features in enterobacterial FlhD are responsible for differential susceptibility to E. carotovora subsp. carotovora RsmC action.
Secreted proteins (or exoproteins) play critical roles in biology and ecology of soft-rotting Erwinia carotovora subspecies (14) . They are responsible for virulence, i.e., tissue maceration and cell death, polymer breakdown and generation of metabolizable substrates, and elicitation of non-host resistance (5, 17, 51, 57, 72) . Their production is tightly regulated by an assortment of transcriptional factors, posttranscriptional regulators, plant signals, and the quorum-sensing signal (N-acyl homoserine lactone [AHL] ) (8, 9, 12, 19, 20, 21, 22, 23, 25, 28, 31, 33, 46, 47, 52, 53, 58, 71) . As shown in the regulatory scheme ( Fig.  1 ) the master regulator FlhDC controls expression of four key regulators: FliA, GacA, HexA, and RsmC (18) . FliA, a sigma factor, is responsible for the expression of flagellar genes and bacterial movement (2, 55) . HexA, an LrhA homolog, is an LysR-like regulator, and it negatively regulates FlhDC and the production of AHL, exoproteins, and rsmB small regulatory RNA (31, 41, 52) . It also positively auto-regulates. GacA, a response regulator of a two-component system, is a positive regulator of rsmB (19) . rsmB specifies a noncoding small regulatory RNA and controls the production of exoproteins and several other phenotypes (46) . This is brought about by sequestering RsmA, an RNA-binding protein promoting RNA decay (12, 22) . RsmC is a negative regulator of exoproteins as
RsmC
Ϫ mutants hyperproduce exoproteins as well as rsmB RNA, and they are invariably hypervirulent (23) . Analysis of the predicted RsmC structure suggests that it is not a transcriptional factor with DNA-binding capability. Instead, the findings suggest that RsmC functions as a component of transcriptional machinery. The mechanism underlying RsmC action and the identity of its primary target have until now remained an enigma despite profound effect of RsmC on bacterial phenotypes.
The FlhDC complex, comprising the products of flhD and flhC, is the master regulatory operon controlling the expression of flagellar genes in Escherichia coli and Salmonella enterica serovar Typhimurium (6, 15, 40, 44, 49, 74) . In addition, FlhDC controls lipolysis, extracellular hemolysis, and virulence in the insect-pathogenic bacterium Xenorhabdus nematophilus (29) ; an extracellular phospholipase gene as well as swarming motility in Serratia liquefaciens (30) ; a nuclease gene, cell division, and flagellum synthesis in Serratia marcescens (43) ; the yop regulon in Yersinia enterocolitica (7) ; synthesis and degradation of carbamoylphosphate in Y. enterocolitica (35) ; and proteins secreted via the types I, II, and III secretion pathways and virulence in E. carotovora subsp. carotovora (18, 48) . Thus, FlhDC controls diverse traits in enterobacterial species.
The flhDC genes and their products have been extensively studied in E. coli and Salmonella. flhD and flhC products are known to form an FlhD 4 C 2 hexamer complex (74) . Both FlhD and FlhC subunits are essential for effective transcription regulation. Previous studies have concluded that FlhC protein is the DNA-binding component, and its function is strengthened by FlhD. Claret and Hughes (15) showed that reconstituted FlhD 2 C 2 (or FlhD 4 C 2 ) complex from purified FlhD and FlhC subunits increases specificity of DNA binding and also increases stability of the resultant interaction of protein with DNA in vitro. The action of FlhD was predicted to ensure that FlhC efficiently locates its multiple target genes and stabilizes the FlhC-DNA complex. However, physiological, genetic, and structural analyses of FlhD by Campos and Matsumura (10) have assigned DNA binding and transcriptional activity with this component. FlhC has not been subjected to similar analysis. This deficiency notwithstanding, there is overwhelming evidence that the FlhDC complex binds promoter regions of the class II genes and activates their transcription. Class II genes contain operons encoding component proteins of the hook-basal body structure and the flagellum-specific type III export apparatus as well as the flagellum-specific sigma factor 28 (FliA) (15, 49, 55) . The hierarchy in the FlhDC regulon has been established, and the details can be found in several reviews (references 1, 34, 49, and 66 and references cited therein). FlhDC production is also subject to tight regulation by environmental conditions, transcriptional factors, and posttranscriptional regulators (16, 27, 41, 56, 64, 65, 67, 69, 70, 73, 75) . Notable in the context of the present work is the action of FliT on FlhDC. Inactivation of fliT increases the expression of class II genes controlled by FlhDC. FliT is a dual-function protein involved in the control of protein export and gene expression. The chaperone function of FliT has been characterized at a molecular level, and FliT is believed to bind the filament-capping protein FliD to prevent its oligomerization prior to its export through the flagellumspecific type III export pathway (76) . In addition, FliT prevents binding of FlhD 4 C 2 to the promoters of class II genes and inhibits FlhD 4 C 2 -dependent transcription. It has been well documented that the FliT protein is capable of binding to FlhD 4 C 2 and FlhC and not to FlhD alone. The authors concluded that FliT acts as an anti-FlhD 4 C 2 factor, which binds to FlhD 4 C 2 through interaction with the FlhC subunit and inhibits its binding to the class II promoter.
In the course of our studies with the FlhDC regulon of E. carotovora subsp. carotovora, we made the unusual observation that RsmC deficiency had no effect in an FlhDC Ϫ mutant of E. carotovora subsp. carotovora. This observation contrasts with hyperproduction of exoproteins and hypervirulence of FlhDC ϩ RsmC Ϫ bacteria. This differential response for the first time provided us with a clue to RsmC action. We document here that FlhDC is the primary target of RsmC. The genetic evidence presented here supports the conclusion that RsmC interacts with FlhDC to modulate its transcriptional activity. To our knowledge, these findings establish for the first time that RsmC acts as an anti-FlhDC factor. Since RsmC-like proteins occur exclusively in soft-rotting Erwinia, it appears that these bacteria have acquired and retained a mechanism to modulate the action of a master regulator responsible for bacterial movement, enzyme and protein production, and plant interaction.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Bacterial strains and plasmids are described in Table 1 . Wild-type bacterial strains used in this study were maintained on LB agar. The strains carrying antibiotic markers were maintained on LB agar containing appropriate antibiotics.
The compositions of LB, KB, nutrient gelatin, and minimal-salts media have been described in previous publications (12, 13, 54) . When required, antibiotics were added as follows: ampicillin (Ap), 100 g/ml; chloramphenicol (Cm), 20 g/ml; kanamycin (Km), 50 g/ml; nalidixic acid (Nal), 50 g/ml; spectinomycin (Sp), 50 g/ml, and tetracycline (Tc), 10 g/ml. Media were solidified using 1.5% (wt/vol) agar.
The composition of medium for semiquantitative agarose plate assays for enzymatic activities was described by Chatterjee et al. (12) . Extracellular enzyme assays. Bacterial cells were grown in minimal salts medium supplemented with sucrose (0.5%, wt/vol) without or with appropriate drugs, to a Klett value of ca. 250, and the culture supernatants were used for assays. For semiquantitative assays of pectate lyase (Pel), polygalacturonase (Peh), protease (Prt), and cellulase (Cel), wells were made in agarose medium with a number 2 cork borer, and the bottoms were sealed with molten agarose (0.8%, wt/vol). Samples were applied to the wells, and the plates were incubated at 28°C. After 16 to 18 h, Pel and Peh assay plates were developed with 4 N HCl, and the Cel assay plates were developed with Congo red and NaCl solutions. Halos around the wells due to Prt activity became visible in Prt assay plates within 24 to 36 h without any further treatment.
Plant tissue maceration. A celery petiole assay was performed as described by Murata et al. (54) . For strains AC5006, AC5141, AC5149, and AC5142, 2 ϫ 10 8 cells were inoculated into each site; and for strains Ecc7N2 and AC5150, 2 ϫ 10 7 cells were injected into each site. The extent of tissue maceration was estimated visually.
Motility assay. Cells of Ecc7N2 and AC5150 were stab inoculated into tryptone swarm agar (31) , and bacterial cells harboring pCL1920 or pAKC975 were stab inoculated into tryptone swarm agar supplemented with Sp. Inoculated plates were incubated at 28°C for 11 to 48 h as indicated in the figure legends. Motility of the bacteria was visually examined.
DNA techniques. Bacterial genomic and plasmid DNA isolation, gel electrophoresis, DNA ligation, PCR amplification, cloning, and transformation procedures were performed according to standard protocols (62 Prime-a-Gene DNA labeling system (Promega Biotec) was used for labeling DNA probes. Construction of RsmC ؊ mutants. The RsmC Ϫ mutant AC5149 was constructed by marker exchange of AC5006 with pAKC980 which contains inactivated rsmC with flanking DNAs. The procedures for marker exchange have been described in Chatterjee et al. (12) . The RsmC Ϫ mutant AC5150 was constructed by inactivating rsmC in Ecc7N2 using the transposon mini-Tn5-Km r . Inactivation of target genes in mutants was confirmed by Northern blot analysis.
Construction of ptac-flhDC plasmids as well as fliA-lacZ and hexA-lacZ fusions. DNA fragments containing the coding region of flhDC of strain Ecc71 was PCR amplified using primers flhDtac1 and flhCtac2 ( Table 2 ). The amplified DNA fragments were digested with BamHI and SalI and cloned into pDK7 to yield pAKC1255. To construct fliA-lacZ and hexA-lacZ fusions, PCR amplified DNA fragments containing fliA and hexA upstream DNAs using the primer pair fliAZ1 and fliAZ2 and the pair hexAZ1 and hexAZ2 (Table 2) , respectively, were cloned into pMP220 to yield pAKC1251 and pAKC1252, respectively. Yeast two-hybrid analysis. The DNA fragments containing entire flhD, flhC, flhDC, and rsmC genes of the Ecc71 coding region were PCR amplified (see Table 1 for primer pairs used), digested with NcoI and BamHI, and cloned into the same sites in vector pACT2 to be fused to the sequence encoding the GAL4 activation domain in the vector, yielding plasmids pAKC1256, pAKC1257, pAKC1258, and pAKC1259, respectively. Similarly, DNA segments encoding the FlhD, FlhC, and FlhDC proteins were amplified by PCR (primers are listed in Table 1 ) and fused to the DNA encoding the GAL4 DNA binding domain in the vector pAS1 to yield plasmids pAKC1260, pAKC1261, pAKC1262, pAKC1263, pAKC1264, pAKC1265, pAKC1266, pAKC1267, and pAKC1268. Combinations of these plasmids as listed in Tables 6 and 7 were transformed into yeast strain pJ69-4A using the lithium acetate method (60) . The presence of both plasmids was verified by PCR analysis of the yeast colonies using insert-specific primers. The combination of plasmids pSE1111 (Saccharomyces cerevisiae SNF4 in pACT2) and pSE1112 (S. cerevisiae SNF1 in pAS1), which were know to interact in the two-hybrid assay (77) , were used as a positive control. Combinations of pAKC1256 (flhD in pACT2), pAKC1257 (flhC in pACT2), pAKC1258 (flhDC in pACT2), or pAKC1259 (rsmC in pACT2) with pSE1112 were used as negative controls. Yeast strain PJ69-4A harboring the plasmid pairs as listed in Tables 6  and 7 were grown at 30°C to an A 600 of ca. 1.0 in liquid minimal medium (lacking Leu and Trp) (60) , and the cells of 1-ml cultures were collected. ␤-Galactosidase assays were performed according to Ramaswamy et al. (60) . The unit of ␤-galactosidase was defined as 1,000 ϫ A 420 /A 600 ⅐ ml Ϫ1 ⅐ h
Ϫ1
. Northern blot analysis. Bacterial cultures were grown at 28°C in minimal salts medium supplemented with sucrose (0.5%, wt/vol) or KB medium plus appropriate antibiotics, as described in the figure legends. Cells were collected while cultures reached a Klett value of ca. 200. RNA isolation and Northern blot analysis were performed as described in Liu et al. (45) . The probes used for hexA and fliA were the 950-bp EcoRI-SalI fragment from pAKC985 and the 811-bp BamHI-HindIII fragment from pAKC1246, respectively. The flhDC and gacA probes were PCR amplified using primers described in Cui et al. (18) . The fliC, fliE, and fliZ probes were PCR amplified using the primer pairs fliC1 and fliC2, fliE1 and fliE2, and fliZ1 and fliZ2 (Table 2) , respectively.
Primer extension analysis. Total RNA extracted from Ecc71 grown in minimal salts medium supplemented with sucrose (0.5%, wt/vol) at 28°C to a Klett value of ca. 200 was utilized in the primer extension assays. The 32 P-labeled hexAext-1 oligonucleotide primer (Table 2 ) and a Primer Extension System (Promega Biotec, Madison, WI) were used for assays. The extension products were run in an 8% (wt/vol) acrylamide-urea sequencing gel. The dried gel was developed using an FLA5000 phosphorimager system (Fuji Photo Film Co., Ltd., Kanagawa, Japan).
␤-Galactosidase assays. Bacterial constructs were grown at 28°C in medium as described in the footnotes of the tables. The ␤-galactosidase assays were performed according to Miller (50) unless otherwise mentioned.
Extracellular enzyme and motility assays, Northern blotting, ␤-galactosidase assays, and pathogenicity tests were performed at least twice, and the results were reproducible.
RESULTS AND DISCUSSION
The pleiotropic effect of RsmC requires FlhDC function. We have documented that RsmC deficiency in FlhDC ϩ E. carotovora subsp. carotovora strain Ecc71 causes hyperproduction of exoproteins and hypervirulence (23) . By contrast, an FlhDC Ϫ mutant of Ecc71 produces very low levels of exoproteins and is consequently attenuated in its plant virulence (18 Prt, and Cel; it also causes soft-rot symptoms in celery petiole. By contrast, the FlhDC ϩ RsmC Ϫ mutant overproduces Pel, Peh, Prt, and Cel, and the mutant causes extensive maceration of celery petiole. These hyper-phenotypes are abolished in the FlhDC Ϫ RsmC Ϫ double mutant ( Fig. 2A and B) . In fact, the phenotypes of this double mutant closely resemble those of the FlhDC Ϫ RsmC ϩ mutant ( Fig. 2A and B) . Thus, RsmC deficiency in the FlhDC Ϫ mutant has no effect on enzyme production and tissue maceration. The introduction of an flhDC ϩ plasmid into the FlhDC Ϫ RsmC Ϫ double mutant results in overproduction of enzymes (Fig. 2C) . These observations established an interaction between RsmC and FlhDC and support the idea that RsmC interferes with FlhDC action. The findings discussed below provide additional evidence for this effect.
RsmC deficiency leads to hypermotility in E. carotovora subsp. carotovora. Motility is an important pathogenicity factor in E. carotovora subsp. carotovora (18, 32, 48) . Previous studies of global effects of regulatory factors including FlhDC were performed with an E. carotovora subsp. carotovora strain (Ecc71) that exhibits little or no motility on usual test media. To test the effects of RsmC deficiency on motility in E. carotovora subsp. carotovora, we used a motile E. carotovora subsp. carotovora strain, Ecc7N2, and constructed an RsmC Ϫ mutant (AC5150) of this strain by inactivating rsmC using the transposon mini-Tn5-Km r . Extracellular enzyme levels and pathogenicity test results (Fig. 3A and B) revealed that, as in strain Ecc71, deficiency of RsmC in Ecc7N2 causes hyperproduction of exoproteins and hypervirulence. Ecc7N2 and its RsmC Ϫ mutant were then tested for motility on tryptone swarm agar. The results (Fig. 3C) revealed that the RsmC deficiency of Ecc7N2 leads to hypermotility. Northern blot analysis (Fig.   3D ) demonstrated that the transcript levels of the following genes were much higher in the RsmC Ϫ mutant than in the parent strain: fliA, the gene for an alternative sigma factor RsmC interferes with FlhDC function. We have shown that FlhDC positively regulates gacA, rsmC, and fliA in E. carotovora subsp. carotovora and controls various phenotypes through this regulatory effect. In light of the effects of RsmC on FlhDC-controlled phenotypes (i.e., exoprotein production, motility, and virulence), it was postulated that RsmC interferes with FlhDC activity. To test this possibility, we performed Northern blot analysis to compare the transcript levels of gacA and fliA in Ecc71 and its RsmC Ϫ mutant. The results (Fig. 4A  and B) revealed that the transcript levels of gacA and fliA were much higher in the RsmC Ϫ strain than in Ecc71. ␤-Galactosidase assay data (Table 3 ) also demonstrated that expression levels of transcriptional gacA-lacZ, rsmC-lacZ, and fliA-lacZ fusions were higher in the RsmC Ϫ mutant AC5149 than in its parent AC5006. Moreover, ␤-galactosidase assay data (Table  3) of the RsmC Ϫ AC5050 strains derived from AC5047 and carrying a gacA-lacZ, rsmC-lacZ, or fliA-lacZ fusion as well as the rsmC ϩ plasmid pAKC975 or the cloning vector pCL1920 revealed that the rsmC ϩ plasmid suppresses the expression of the gacA-lacZ, rsmC-lacZ, and fliA-lacZ fusions.
Our findings that RsmC does not affect the expression of For fliA, fliZ, fliE, gacA, flhD, flhDC, and hexA in panels A and B, X-ray films were exposed for 24 h at Ϫ80°C, and for fliC in panel A, X-ray film was exposed for 1 h. X-ray films for gacA and fliA in panel C were exposed for 48 h.
flhDC but modulates the expression of the downstream genes controlled by FlhDC strongly suggested that RsmC interacts with FlhDC complex and consequently inhibits the regulatory function of FlhDC. Our Northern blot analysis results (Fig.  4C) showing that the FlhDC Ϫ RsmC Ϫ double mutant, like the FlhDC Ϫ RsmC ϩ strain, produced very low levels of gacA and undetectable levels of fliA transcripts support this notion. To further test this hypothesis, we performed in vivo studies using E. coli strain MC4100 as a surrogate host. We should note that Southern blot analysis as well as the results of a sequence homology search in the database demonstrated that an rsmC ortholog probably does not occur in E. coli (23) . Thus, the effects of Erwinia RsmC on FlhDC action on its target regulatory genes (i.e., gacA, fliA, rsmC, and hexA) should not be affected by a putative rsmC homolog of E. coli. To test the RsmC-FlhDC interaction, we first transferred the transcriptional gacA-lacZ, fliA-lacZ, and rsmC-lacZ plasmids into MC4100 carrying vector (pCL1920) or flhDC (pAKC1242), respectively. Then, an rsmC ϩ plasmid, pAKC974, or its cloning vector pBluescript SKϩ was introduced into the bacteria to yield the constructs listed in Table 4 . The bacteria were grown in LB medium, and cultures were assayed for ␤-galactosidase activity. Based upon the observations described above, we predicted the following: (i) that expression of gacA-lacZ, fliA-lacZ, and rsmC-lacZ should be higher in the presence of flhDC and in the absence of rsmC; (ii) that if RsmC interacts with FlhDC and disrupts the function of FlhDC, the flhDC DNA-mediated activation of target genes should be neutralized by the presence of rsmC in those constructs. ␤-Galactosidase assay data (Table 4) revealed that (i) the expression of gacA-lacZ and fliA-lacZ fusions is higher in the presence of flhDC DNA than in MC4100 carrying those fusions and pCL1920, (ii) the expression levels of rsmC-lacZ are comparable in the absence or in the presence of flhDC, (iii) in the presence of rsmC, the effects of FlhDC on the expression of gacA-lacZ and fliA-lacZ are neutralized, and (iv) rsmC ϩ DNA alone (i.e., in the absence of flhDC ϩ plasmid) has no effect on expression of these lacZ fusions.
Our findings described here and elsewhere (18) establish that FlhDC activates rsmC expression in E. carotovora subsp. carotovora. We also show that RsmC interferes with the regulatory effects of FlhDC. At first glance these effects appear to be counterproductive or wasteful. To reconcile this apparent anomaly, we propose that bacteria use this process to fine-tune the levels of FlhDC-activated genes such as gacA and fliA, whose products control traits critical in the ecology of E. carotovora. Another unexpected finding described above (Table   TABLE 3 (Table 5 ). This observation was reproducible and cannot be simply attributed to problems usually associated with heterologous gene expression since Erwinia genes are well expressed in E. coli. We suggest that rsmC expression is subject to tight control in E. carotovora subsp. carotovora by an Erwinia-specific positive factor in addition to FlhDC. In the absence of such a factor in E. coli, the expression of rsmC even in the presence of FlhDC remains at a basal level. Extensive studies in enterobacteria have established that the master regulator of the FlhDC regulon is subject to rigorous transcriptional and posttranscriptional control (for details, see references 16, 27, 41, 56, 64, 65, 67, 69, 70, 73, and 75) . In addition, protein-protein interactions also play critical roles in the expression of downstream class II and class III genes. The anti-sigma factor FlgM binds FliA and inhibits transcription of FliA-dependent class III genes (3, 4, 11, 38, 59) . FliT, on the other hand, binds FlhC and FlhDC complex and thereby prevents binding of the latter to the class II promoter. FliT therefore behaves as an anti-FlhD 4 C 2 factor (76). A similar function of RsmC appeared likely in light of its effects on FlhDC action and bacterial phenotypes. The results of yeast two-hybrid assays discussed below demonstrate that RsmC does bind FlhDC, but this binding occurs through FlhD and not through FlhC.
FlhDC negatively regulates hexA, and this effect is reversed by RsmC. Previous studies have shown that HexA (LrhA in E. coli) plays a critical role in gene regulation in E. carotovora subsp. carotovora (31, 52) . It controls diverse phenotypes including AHL and exoprotein production, motility, and virulence. However, the underlying regulatory processes and regulation of HexA in E. carotovora subsp. carotovora are not well understood. One study has documented that LrhA controls flhDC expression in E. coli (41) , and this observation was confirmed in E. carotovora subsp. carotovora by us as well. Moreover, our assays of transcript levels of hexA in FlhDC ϩ and FlhDC Ϫ bacteria raised the possibility that hexA is negatively regulated by FlhDC in E. carotovora subsp. carotovora (18) . Since negative regulation by FlhDC to our knowledge is unprecedented, we have extended our studies to rigorously test this possibility. The effects on hexA expression were tested in several ways. First, we determined the expression of an hexAlacZ fusion in E. coli MC4100 in the presence and absence of flhDC ϩ plasmid ( We next introduced an flhDC ϩ plasmid or the cloning vector into the FlhDC Ϫ mutant carrying the hexA-lacZ fusion and compared the levels of ␤-galactosidase. The expression of the hexA-lacZ fusion was reduced by about 40% in the presence of the flhDC ϩ plasmid (Table 5 ). Based upon these results and the transcript assay data previously reported, we conclude that FlhDC negatively regulates hexA.
We had detected a potential FlhDC binding site located at 202 bases upstream of the putative translational start site of hexA (18) . However, since the promoter/operator regions of hexA were not characterized, uncertainty remained regarding the physiological significance of the putative FlhDC binding sequences. To resolve this issue, we identified the transcriptional start site for this gene and then examined the locations of the FlhDC binding sequences in the context of the start site. Primer extension results (Fig. 5) revealed that the transcriptional start site of hexA is located at Ϫ327 nucleotides from the putative translational start site. A consensus Ϫ10 region is present 8 bases upstream of the start site. A putative FlhDC binding site, GAAATAA-N 16 -TTATTGA (where N is any nucleotide), is located 96 bases downstream of this transcriptional start site. The expression of an hexA-lacZ fusion carrying these sequences was higher in the absence of FlhDC than in its presence. This response was noted in E. carotovora subsp. carotovora as well as in E. coli (Tables 4 and 5 ). These observations now strengthen the notion that FlhDC blocks transcription by binding to the putative operator sequences downstream of the hexA promoter.
The effect of RsmC on FlhDC-mediated negative regulation of hexA was tested in E. coli, which is naturally RsmC deficient, and in an RsmC Ϫ E. carotovora subsp. carotovora mutant. The data shown in Tables 3 and 4 reveal that expression of the hexA-lacZ fusion was consistently higher in the presence of RsmC than in its absence in both E. coli and E. carotovora subsp. carotovora.
Yeast two-hybrid analysis confirms an interaction between RsmC and FlhD. The genetic analysis data presented above clearly demonstrate that RsmC interacts with FlhDC complex and that the interaction interferes with the regulatory function of FlhDC. To further prove that RsmC interacts with FlhDC complex or its subunits, we performed yeast two-hybrid analyses. The DNA fragments containing entire flhD, flhC, flhDC, and rsmC coding regions were fused to the sequence encoding the GAL4 activation domain in the vector pACT2. The genes encoding flhD, flhC, and flhDC protein were also fused to the DNA encoding the GAL4 DNA binding domain in the vector pAS1. Yeast strain PJ69-4A carrying plasmids pSE1111 (S. cerevisiae SNF4 in pACT2) and pSE1112 (S. cerevisiae SNF1 in pAS1), known to interact in the two-hybrid assay (77), was used as a positive control. Yeast carrying the plasmids of flhD in pACT2, flhC in pACT2, flhDC in pACT2, and rsmC in pACT2 with pSE1112 were used as negative controls. Yeast harboring plasmid pairs listed in Table 6 were grown and assayed for ␤-galactosidase. Interaction between two fusion partners was expected to result in the activation of the lacZ promoter, resulting in a higher level of ␤-galactosidase activity than the level in the absence of an interaction. Indeed, the assay results (Table 6 ) revealed that the levels of ␤-galactosidase activities of yeast strain PJ69-4A carrying the plasmid pairs of rsmC in pACT2 and flhD in pAS1 or the pair of rsmC in pACT2 and flhDC in pAS1 were close to the level produced by the positive control, whereas expression of PJ69-4A carrying the pair rsmC in pACT2 and flhC in pAS1 remained low. These results demonstrate that RsmC interacts with FlhD or FlhDC complex but not with FlhC. RsmC affects FlhDC function in enterobacterial species. As documented elsewhere, RsmC occurs exclusively in soft-rotting Erwinia, whereas FlhDC, the master regulator of flagellar genes, is found in most, if not all, enterobacteria. These observations raised an interesting question: would E. carotovora subsp. carotovora RsmC affect FlhDC functions in non-softrotting enterobacteria? If so, that would implicate conservation of structural features allowing RsmC interaction. To test this, we examined the effects of E. carotovora subsp. carotovora RsmC on the motility of various enterobacterial strains. We assumed that the inhibition of FlhDC function by RsmC would reduce the expression of fliA and consequently cause suppression of motility due to inhibition of flagellar gene expression. For this study we transferred the rsmC ϩ plasmid pAKC975 and the cloning vector pCL1920 into E. carotovora subsp. atroseptica strain Eca12, E. carotovora subsp. carotovora strain Ecc7N2, E. chrysanthemi strain 3937, Erwinia herbicola strain EH4, S. marcescens strain SM274, Y. enterocolitica strain YE1, Enterobacter cloacae EC1, E. coli strain K12, S. enterica serovar Typhimurium strain LT2, Shigella flexneri strain Sf, and Citrobacter freundii strain CF. Motility was tested on tryptone soft agar medium (Fig. 6A) . Two classes of responses were detected. One class, represented by E. coli strain K12, S. Typhimurium strain LT2, C. freundii strain CF, and S. flexneri strain Sf1, was marginally affected by RsmC as motility of strains carrying rsmC ϩ DNA was only slightly less apparent than motility of strains carrying the vector. The motility of strains in another class represented by E. carotovora subsp. atroseptica strain Eca12, E. carotovora subsp. carotovora strain Ecc7N2, E. chrysanthemi strain 3937, E. herbicola strain EH4, S. marcescens strain SM274, Y. enterocolitica strain YE1, and E. cloacae Ec1 was severely inhibited by RsmC (Fig. 6A) . To confirm that RsmC inhibited transcription of FlhDC-dependent expression of fliA, we performed Northern blot analysis. The data presented in Fig. 6B show that fliA expression was not affected or was only slightly affected by RsmC in class I strains (K12, LT2, Sf1, and CF), whereas fliA expression was severely inhibited in class II strains (Eca12, Ecc7N2, 3937, and YE1). The data also indicate a tight correlation between the levels of fliA expression and the extent of motility.
At this juncture we argued that since E. carotovora subsp. Further analysis may reveal additional functions that are controlled by this master regulator. Thus, it is reasonable to assume that flhDC expression and FlhDC functions are rigorously controlled in response to environmental cues. As in E. coli, flhDC transcription probably is controlled by an assortment of transcriptional factors although this idea awaits verification. Contrary to regulation observed in E. coli (75) , the levels of flhDC transcript in E. carotovora subsp. carotovora are negatively regulated by the RNA-binding protein, RsmA (also, CsrA) (our unpublished data). The effect of RsmC on FlhDC function, while reminiscent of the effects of FliT in E. coli, is operationally quite different. FliT binds FlhC, whereas RsmC binds FlhD. Moreover, the effect in RsmC appears to be more profound than in FliT. FliT appears to be a dual-function protein functioning as an export chaperone and a regulator of gene expression, whereas RsmC is solely responsible for FlhD interaction. In addition, RsmC bears no structural homology with FliT. E. carotovora subsp. carotovora possesses RsmC as well as FliT. Extrapolating upon the evidence in S. Typhimurium (76), we predict that FliT may also similarly act in E. carotovora subsp. carotovora. Why does Erwinia possess both of these protein regulators? To understand the full significance of their presence, we need to conduct side-by-side comparative analyses of fliT and rsmC mutants. For now, we suggest that while fliT may have evolved as a part of the flagellar regulon, RsmC function possibly was recruited by soft-rotting bacteria to control extracellular protein production. Whether FliT affects exoenzyme production in E. carotovora subsp. carotovora awaits verification. If confirmed, this response could be attributed as an ancillary effect resulting from FliT binding of FlhDC. Its primary function is to control motility. On the other hand, the primary function of RsmC is to modulate the levels of exoproteins and control plant interactions, and the effect on bacterial movement could be ancillary. Support for these ideas comes from the occurrence of rsmC orthologs only in softrotting Erwinia species, whose pathogenicity depends to a large extent on exoenzyme production. Fig. 2A (FlhDC ϩ RsmC Ϫ ) and C (AC5142/flhDC ϩ ) and 3A (RsmC ϩ ) appear to be duplicates. Similarly, the wells showing polygalacturonase (Peh) activity in Fig. 2C (AC5142/flhDC ϩ ) and 3A (RsmC ϩ ) appear to be duplicates. We are uncertain about how the errors occurred and cannot produce corrected figures, due to the length of time since publication and our subsequent retirement. However, we apologize for the inadvertent mistakes and assure readers that the conclusions of the paper are not affected by these apparent duplications.
The main conclusion, that the negative pleiotropic effect of RsmC is mediated via its action on FlhDC, is not affected. Other enzyme assay data (Pel, Peh, and Cel in Fig. 2A ; Pel and Cel in Fig. 2 and 3A) demonstrate a negative effect of RsmC on FlhDC-controlled enzyme production. Thus, our finding of a global effect of FlhDC and negative effects of RsmC on FlhDC is substantiated without the erroneous data. To specifically address the enzymatic activity of Prt and Peh in response to FlhDC and RsmC ( Fig. 2A, first strains. These data (not shown) were provided to the editor in chief to corroborate the data presented in Fig. 2A .
We sincerely apologize to the readers and to ASM for the errors and appreciate the opportunity to correct the scientific record.
